Embryonic stem (ES) cells are pluripotent cell lines established directly from the early embryo. Maintenance of the stem-cell phenotype of ES cells in vitro requires the presence of a feeder layer of ®broblasts or of a soluble factor, dierentiation inhibitory activity (DIA) such as leukemia inhibitory factor (LIF). Here we report the cloning of complete rat LIF cDNA and its nucleotide sequence so as to facilitate studies of rat ES cell technologies on tumor biology. The nucleotide sequence of the rat LIF cDNA indicated that the rat LIF has 91% amino acid sequence identity with murine LIF. The cloned rat LIF cDNA has a putative biological activity as a dierentiation-inducing factor on the murine myeloid leukemia cell line M1 cells. Culture supernatant of the rat LIF cDNA-transduced rat ®broblast cell line could maintain the stem-cell phenotype of rat ES cells which showed alkaline phosphatase activity, and this eect was much stronger than that by murine LIF. The availability of rat LIF which shows DIA will assist the in vitro analysis of rat ES cells, and culture of these cells is a route for the generation of gene targeting in rat.
Introduction
Leukemia inhibitory factor (LIF) is a secreted glycoprotein produced by a number of dierent cell types, including Krebs ascites (Hilton et al., 1988a,b) , Ehrlich ascites (Abe et al, 1986) , various ®broblasts including L929 (Tomida et al., 1984) , STO (Smith and Hooper, 1983; Koopman and Cotton, 1984) , bualo rat liver cells (Smith and Hooper, 1987) , antigenstimulated human alloreactive T lymphocytes (Godard et al., 1988) , and mitogen-stimulated spleen cells (Abe et al., 1986) . It was characterized and cloned by its ability to induce the dierentiation of the murine myeloid leukemia cell line M1 , Gearing et al., 1987 . Although initially characterized by its dierentiation-inducing eect on myeloid leukemic cells, LIF also displays a number of other biological activities (Gough and Williams, 1989) . One of them is that LIF has a potent dierentiation inhibiting activity (DIA) on embryonic stem (ES) cells (Williams et al., 1988; Smith et al., 1988; Pease et al., 1990) , suggesting that it may play a role in regulating the growth and development of early mouse embryos. ES cells are highly tumorigenic when they are introduced into a somatic location in syngeneic animals. ES cells lose their tumorigenic ability if they are induced to dierentiate by withdrawal from LIF, which triggers the synthesis of all cyclins and a sharp increase in cyclin-dependent kinase inhibitors (Savatier et al., 1996) .
Although LIF expression was extensively studied in the hematopoietic system, its eects on solid tumor are generally unknown. In vitro, some cancer cells require exogenous serum-derived factors for optimal cell growth. LIF, as well as interleukin-6, oncostatin M, ciliary neurotrophic factor, interleukin-11 and cardiotropin 1, is a cytokine mediating pleiotropic actions on a variety of cancer cells. It has been shown that LIF is expressed and secreted from cells with human melanomas (Paglia et al., 1995) . Recent research reports possible involvement of the LIF and LIFreceptor in regulating the growth of breast cancer cells (Douglas et al., 1997) .
ES cells isolated from mouse preimplantation embryos can be maintained as stable cell lines in culture, and following the appropriate stimuli in vitro or in vivo will dierentiate into a variety of cell types. Thus, ES cells can be used to study embryonic growth control and dierentiation in culture, and they provide an important method for the introduction of genetic mutations, gene transfer, and most recently for targeted disruption of speci®c genes (Mansour et al., 1988) into mice, which turned out to be an important method for analysis of oncogenes. Maintenance of the stem-cell phenotype in vitro requires the presence of a feeder layer of ®broblasts or of a soluble factor, DIA, which prevents the dierentiation of established ES cell lines (Pease et al., 1990) , and LIF shares a number of features in common with DIA (Smith et al., 1988; Pease et al., 1990) . In fact, mouse ES cells maintained in mouse LIF retained the ability to form germ-line chimeric mice indicating that LIF is sucient to maintain the developmental potential of ES cell lines previously isolated and maintained on feeders (Evans and Kaufman, 1981; Capecchi, 1989) . Pluripotent cell lines have been derived only from preimplantation embryos of several other animals including rat (Iannaccone et al., 1994) , avian (Pain et al., 1996) , mink (Sukoyan et al., 1992) , hamster (Doetsman et al., 1985) , pig (Wheeler, 1994) , bovine (First et al., 1994), zebra ®sh (Sun et al., 1995) and primate (Thomson et al., 1995) , but the developmental potentials of these cell lines remain poorly characterized and they have not yet been shown to reconstitute the germ line.
The creation of targeted mutation in the mouse has been a valuable source of animal models of human disease. However, detailed information from behavioural studies is much more readily available on the rat than on the mouse because the physiology of the mouse is either poorly understood or inappropriate for experiments germane to a particular disease such as some malignant tumors and cardiovascular disease. By using mouse LIF and feeders layers, well-characterized rat ES cells have been described (Iannaccone et al., 1994) , but in our and other experiments, mouse LIF has little DIA to maintain the developmental potential of rat ES cells which can contribute to the generation of germ-line chimera, resulting in no knockout rats so far. Furthermore, although partial rat LIF cDNA sequences are reported (Yamamori et al., 1989) , active rat LIF which shows DIA to rat ES cells is not available at present. In order, then, to facilitate studies on rat ES cells and the regulation and expression of rat LIF, we cloned complete rat LIF cDNA and determined the nucleotide sequence. LIF mRNA was detectable by Northern blot hybridization in primary culture fibroblasts which were generated from rat embryos on days 10 ± 12 p.c. We also demonstrated that culture supernatant of ®broblast cells derived from adult rats which was transduced by our rat LIF cDNA could maintain the derivatives of rat blastocyst with undierentiated phenotype. Therefore, the availability of rat LIF will assist the ES cell culture which is an important resource for the study of disease models such as malignant tumors and where rat could be the species of choice.
Results and Discussion
Cloning of a rat LIF cDNA First, to obtain a rat LIF cDNA fragment, we performed PCR with mixed rat embryo cDNA as template and with primers P1 and P2 described in Materials and methods, which were designed on the basis of containing a start codon or stop codon of mouse LIF cDNA sequences and which had an XbaI cutting sequence. This gave a product of the expected size of 633 bp. Second, to gain information on rat LIF gene expression, we analysed its temporal distribution during rat development. Total RNA was isolated from the embryo at dierent stages and from neonatal tissues. RNA was analysed by using Northern blot hybridization. LIF gene expression occurs at dierent stages of development, usually at very low levels (data not shown). Comparing with a standard cDNA library screening method, our modi®ed cDNA selection method was shown to be more eective for cloning a cDNA derived from a transcript whose expression level was too low to be detected by Northern blot analysis (Ide et al., 1997; Kishi et al., 1997; . Thus, our modi®ed cDNA selection method was used for isolation of a rat LIF cDNA clone containing complete coding sequence. One hundred ng of the XbaI digested rat DNA fragment was biotinylated, and then hybridized in solution with 1 mg of the random hexamer primed rat embryo cDNA. Double-stranded DNA was selected by HAP column chromatography. The cDNA hybridized to the biotinylated rat DNA fragments were captured on avidin-coated magnetic beads, and ampli®ed by PCR. The enriched cDNA library was constructed into a l ZAP II vector after two cycles of the present cDNA selection. pBluescript phagemid was excised, and transfected to competent E. coli, SOLR strain, and cloned. Two independent clones were obtained and the sequence was performed once or more in both directions to obtain maximum accuracy. These clones are identical to each other. A 609 bp of rat LIF nucleotide sequence and the deduced amino acid sequence with 202 residues are shown in Figure 1 . A comparison of the sequence of the mouse and rat LIF genes reveals that the nucleotide sequences of both the mouse and rat LIF genes are highly homologous (93%). The amino acid sequences are 91% identical to those of mouse LIF, but analysis of the second structure of both LIF proteins by using the Robson model reveals a dierence in two-dimensional structure between mouse and rat LIF (data not shown). Although further analysis should be made, this may be one reason why we and other experimenters did not succeed in maintaining the developmental potential of rat ES cells into germ-line chimera by using mouse LIF and STO feeder layers, while a comparison of the sequence reveals that the coding regions of rat and mouse LIF genes are highly conserved.
Expression of rat LIF mRNA in cultured rat embryonic ®broblasts
To determine the condition to obtain the most suitable feeder layer of ®broblasts for maintaining the rat ES cells in undierentiated states, ®broblasts from rat embryo at 8, 10, 11, 12 and 15 days p.c. were cultured for 7 days (two passages), their mRNAs extracted and these then were subjected to Northern blot analysis for the presence of LIF transcripts. A single rat LIF transcript with the approximate size of 4.4 kb was clearly detected in the ®broblasts cultures from embryo on days 10, 11 and 12 p.c. (Figure 2 ). Therefore the cultured ®broblast of rat embryo on days 10 p.c. to 12 p.c. would be the valuable source for the feeder layer to maintain the rat ES cells undierentiated. This result is in line with mouse showing that STO, ®broblast cell line of SIM mouse embryo supplies LIF and is used as a feeder layer in the maintenance of pluripotent mouse ES cells in vitro (Smith and Hooper, 1983; Koopman and Cotton, 1984) .
Maintenance of stem cell phenotype by rat embryonic ®broblast cell lines which transduced rat LIF cDNA LIF is a strong inducer of dierentiation especially of murine M1 cells into macrophage-like cells. In an attempt to elucidate the biological activity of the cloned rat LIF cDNA, an expression vector was constructed and introduced into the rat embryonic ®broblast cell lines, 3Y-1B. Original 3Y-1B cells produced an undetectable amount of LIF (data not shown). Seven days after the transfection, cultured supernatant was harvested and tested for its differentiation-inducing activity towards M1 cells. As shown in Figure 3a and c, at 48 h after culture in the presence of culture supernatant from cells transfected with rat LIF cDNA, M1 cells were transformed into macrophage-like cells as revealed by the acquisition of activity of the phagocytosis of polystyrene latex particles. When 50 units is de®ned as the concentration of LIF in 1 ml of tissue culture medium which induces the dierentiation of 50% of M1 cells, pCXNrLIF-transfected 3Y-1B cells produced approximately 50 ± 70 units/10 6 cells/ml/day in culture. In contrast, M1 cells treated with control culture medium harvested from vector transfected cells showed no signi®cant changes in phagocytic activity of M1 cells (Figure 3b ). These results suggest that cloned rat LIF cDNA upon being transfected into 3Y-1B cells has a putative biological activity as a dierentiation inducing factor on M1 cells.
Next, we attempted to assess the potential of rat LIF in maintaining the rat ES cells undierentiated. A total of 400 azonal blastocysts from the inbred ACI strain of rats were placed on 3Y-1B rat embryonic ®broblast cells throughout four sets of experiments. Among these, about 200 blastocytes formed expanded inner cell mass populations, and then they were cultured in the presence of a variety of concentrations of rat LIFcontaining culture supernatants of transfected cells with pCXN-rLIF. To know whether the stem-cell phenotype of these cells was maintained, endogenous alkaline phosphatase activity in cultured cells was analysed. It has been shown previously that mouse and primate embryonic stem cells exhibit a strong endogenous alkaline phosphatase activity that is lost as these cells dierentiate in culture (Pain et al., 1996 ; Figure 1 Nucleotide and amino acid sequence of the rat LIF gene. A comparison of the sequence of the mouse and rat LIF genes reveals that conservation of nucleotide sequences occurs almost the full length of cDNA. Thus, the nucleotide sequences of both the mouse and rat LIF genes are highly homologous (93%). The amino acid sequences are 91% identical to those of mouse LIF. A possible signal sequence is underlined. An asterisk shows amino acid identities between rat and mouse Thomson et al., 1995) . The cells cultured for 6 days with the supernatant which contained 1000-1500 units/ ml of LIF activity derived from cells transfected with pCXN-rLIF, clearly showed positive-staining for alkaline phosphatase activity (Figure 4a and b) . In these cultures, positive colonies numbered 46 among 75 embryos and they were identi®ed after 6 ± 8 days in culture (Table 1) . Furthermore, cells which were cultured for a longer term after three passages in the presence of rat LIF medium showed strong alkaline phosphatase activity (Figure 4c and d) . In contrast, as shown in Figure 4e and f, these positive colonies were dierentiated extensively and lost alkaline phosphatase activity when the rat LIF-contained medium was replaced by the control medium without LIF activity. Cells cultured with control medium from cells transfected with the vector alone dierentiated rapidly and died within a week (Figure 4g and h ). In the control culture of rat embryos, mouse LIF (1000 units/ ml; Life Technologies, Inc.) provided an extremely low number of alkaline-phosphatase-positive colonies (four positive colonies among 78 embryos on 3Y-1B cells). Therefore, we could con®rm the ability of our cloned rat LIF cDNA on rat ES cells to maintain their stemcell like phenotype. Although further analysis should be made, DIA of rat LIF is apparently stronger than that of mouse LIF toward rat ES cells.
For long term in vitro culture and maintenance, pluripotent ES cells must be grown on monolayers of mitotically inactivated ®broblast cells with a medium supplemented with LIF. However, use of mouse feeder cells including STO and recombinant mouse LIF to keep pluripotent phenotype of rat ES cells for longterm failed (unpublished data). Although there might be several explanations on the disability of germ-line Rat (ACI) blastocysts which attached and expanded inner cell mass populations were cultured in the presence of cultured supernatant from cells transfected with either pCXN-rLIF (contained rat LIF at approximately 1000 ± 1500 units/ml) or control vector. Blastocysts were also cultured in the presence of 1000 units/ml of recombinant mouse LIF. Six to 8 days after, cells were stained for alkaline phosphatase activities and positive colonies were counted. *Colony showed a very weak alkaline phosphatase activity transmission of rat ES cells so far, our results indicate that the availability of our rat LIF cDNA will assist the establishment of in vitro culture conditions of rat ES cells and maintaining these cells in an undifferentiated state becomes a route for the generation of gene-targeting rat. Work is in progress to establish rat ES cells contributing germ-line chimera by using our cloned rat LIF and further analysis is required to ®nd the most suitable rat ES-donors so that they can enter into a germ line at high frequency.
Materials and methods

Isolation of cDNA from rat tissues
Pregnant rats (Fisher, 8 ± 10 weeks old, purchased from Charles River Co., Japan) at days 6 ± 15 p.c. and rat neonates were sacri®ced, and uteri at dierent stages of pregnancy were removed. Total RNA of rat embryo was extracted with guanidine thiocyanate followed by ultra centrifuge in a cesium chloride solution. Poly(A) + RNA was selected by oligo(dT)-cellulose. cDNA was synthesized + RNA by cDNA Synthesis Systems Plus (Amersham Corp. USA) with random hexamer. The cDNA was ligated with EcoRI ± NotI ± BamHI adapter (Takara, Kyoto, Japan) followed by phosphorylating the 5'-end, and ampli®ed by PCR with adapter sequence as a primer, ER I. The sequence of the ER I primer is: 5'-GGAATTCGGCGGCCGCGGATCC-3'.
PCR cloning for probe construction of cDNA selection method
The resulting cDNA was subjected to PCR for 30 cycles with primers P1 (5'GCTCTAGACCCATAATGAAGGTC-TTGGC-3') and P2 (5'-GCTCTAGACTAGAAGGCCTG-GACCACCAC-3') designed on the basis of containing a start codon or stop codon of mouse LIF cDNA sequences and which had an XbaI cutting sequence (GCTCTAGA). Mixed rat embryonic cDNA was used for template DNA. The thermal cycle pro®le was 1 min at 958C, 1 min at 558C, and 1 min at 728C. After electrophoresis, the PCR product of the expected size was cut out from 2% agarose gel and puri®ed with SpinBind DNA Extraction Kit (FMC BioProducts, Rockland, ME).
cDNA selection
One hundred ng of the XbaI digested rat DNA fragment was added to a ®nal 50 ml of reaction mixture containing 50 mM Tris-HCl (pH 7.5), 10 mM MgSO 4 , 0.1 mM dithiothreitol, 120 mM Biotin-11-dUTP (Enzo Diagnostics, Inc., Farmingdale, NY), 20 mM (each) dATP, dCTP and dGTP, and eight units of Klenow fragment. The mixture was incubated at 258C for 1 h followed by the inactivation of the Klenow fragment at 708C for 10 min, and puri®ed by SpinBind. One mg of biotinylated rat LIF DNA fragment was mixed with the rat embryo cDNA in a total of 20 ml of ENE buer (10 mM N-(2-hydroxyethyl)-piperazin-N'-(3-propane sulfonic acid), EPPS, (pH 8.3), 5 mM EDTA (pH 8.0), and 0.5 M NaCl) with an overlapping of one drop of mineral oil. The mixture was heated at 1008C for 10 min, and was immediately transferred to incubation at 658C for 24 h. The mixture was combined with 30 ml of TE (10 mM Tris-HCl (pH 7.4), 1 mM EDTA (pH 8.0) solution, added to 200 ml of 0.12 M phosphate buer (pH 7.4) after removal of the mineral oil, and incubated at 658C for 15 min. Two-hundred and ®fty ml of hydroxyapatite (HAP) suspension in 0.12 M phosphate buer was added to the mixture, and further incubated at 658C for 20 min, and centrifuged. The supernatant, containing double-stranded DNA, was desalted by ultra®ltration, and resuspended in 50 ml of TE solution, To prevent PCR-ampli®able cDNA from non-speci®c attachment to the beads, 10 ml of avidin-coated magnetic bead suspension (Dynabeds M-280; Dynal A.S., Oslo, Norway) was mixed with 100 ml of sonicated salmon testis DNA at room temperature for 30 min. Ten ml of the double-stranded DNA fraction was added to preblocked magnetic beads whose supernatant was removed by magnetic concentrator (Dynal A.S.), and incubated at room temperature for 30 min. The beads were separated from the solution by magnet, washed ®ve times with 100 ml of 0.16SSC (16SSC, 150 mM sodium chloride and 15 mM sodium citrate)/0.1% SDS solution and three times with 100 ml of TE solution, resuspended in a total of 50 ml of PCR mixture containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 3 mM MgCl 2 , 0.001% gelatin, 20 mg/ml of ER I primer, 1 mM (each) dATP, dCTP, dGTP and dTTP, and 5 units of Taq DNA polymerase. The cycling condition was 30 cycles of 1 min at 948C, 2 min at 558C, and 3 min at 728C. The last cycle had an additional extension at 728C for 10 min.
Construction of the enriched cDNA library and screening
After two cycles of the hybrid selection, the PCR products were size-fractionated by agarose gel electrophoresis. The cDNA fragments larger than 500 bp were recovered from the gel by GENECLEAN II Kit (BIO 101 Inc., La Jolla, CA). The cDNA was digested with EcoRI, and cloned into EcoRI-cleaved and dephosphorylated l ZAP II vector. pBluescript phagemid was in vivo excised from l ZAP II by the ExAssist/SOLR system (Stratagene), and was subjected to subsequent screening.
Sequence analysis
The nucleotide sequence was determined by the dideoxy chain-termination method using a Sequence 7-deaza-dGTP kit (United States Biochemical Corp, Cleveland, OH).
Production of rat embryonic ®broblastic layers
Rat primary embryonic ®broblast was prepared according to the method for generating mouse feeder cells (Joyner, 1993) . Pregnant rats (ACI strain, 8 weeks old) at days 8 ± 15 p.c. were sacri®ced and the embryos dissected away from the uterus. The carcasses were washed in PBS (7) containing antibiotics for 5 min, minced in PBS (7) and then digested with trypsin/EDTA for 20 min at 378C. After several washings with serum-free DMEM, cells were suspended in DMEM with 20% FBS and cultured at 378C, 100% humidity, 5% CO 2 in air. Cells were cultured for 7 days to reach subcon¯uent growth through two passages.
Construction of rat LIF expression plasmid and DNA transfection
The complete rat LIF cDNA was cloned into pCXN2 vector (kindly gifted by Dr. Junichi Miyazaki, Osaka University, Japan) containing neo-gene with thymidine kinase promoter (Niwa et al., 1991) , and designated as pCXN-rLIF. Cultured rat embryonic ®broblastic cells (3Y-1B) were transfected with DMRIE-C reagent (Life Technologies, Inc.): DNA complexes (20 ml of DMRIE-C reagent: 5 mg of pCXN-rLIF plasmid DNA per 10 6 cells). Transfectants were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with penicillin (200 U/ ml), streptomycin (100 mg/ml), 10% heat-inactivated fetal bovine serum, and geneticin (G-418 sulfate, 400 mg/ml, Life Technologies, Inc.), and several clones resistant to geneticin were selected. The cells from each clone were cultured for 7 days and the supernatants were assayed for LIF activity using M1 cells. Approximately, 30% of the cells among 24 independent clones produced LIF activity more than 50 units/10 6 cells/ml/day. One of the supernatants with the highest LIF activity was used for further studies.
Bio assays
M1 cells (clone T22), provided by HSRRB cell bank (Osaka, Japan) were cultured in DMEM supplemented with penicillin (200 U/ml), streptomycin (100 mg/ml), and 10% heat-inactivated fetal bovine serum at 378C under 5% CO 2 -air, 100% humidity. For determination of cell dierentiation, M1 cells were cultured in the presence of the culture supernatant with pCXN-rLIF-transfected cells. As a control, the culture supernatant with vectortransfected cells was used. Forty-eight hours after the culture, cells were harvested, resuspended in serum-free DMEM containing 0.2% polystyrene latex particles (CLB-9 latex beads with average diameter 0.9 mm, Sigma), and then incubated for another 4 h. After being washed three times with PBS(7), cells were ®xed with methanol and were stained with Gimsa's solution (Merck). Cells containing more than six latex particles were scored as phagocytic (Kinoshita et al., 1994) . More than 200 cells per well were counted in triplicate experiments. As a positive control, M1 cells were cultured for 72 h in the presence of murine LIF (Life Technologies, Inc.) at a concentration of 175 units/ ml.
To determine if rat LIF sustain an undierentiated state of rat stem cells in vitro, a total of 400 azonal blastocysts from the inbred ACI strain of rats were prepared as according to the described method (Hogan et al., 1986) and put on 3Y-1B rat embryonic cultured ®broblast feeder layers with DMEM supplemented with 20% heat-inactivated new born rat (ACI) serum, 0.1 mM 2-mercaptoethanol (Sigma), and 1% nonessential amino acid solution (Life Technologies, Inc.). Approximately 200 blastocytes were attached to surface of feeder layers and inner cell mass (ICM) populations were expanded from the attached blastocytes after culture for 5 ± 6 days, and these cells from ICM populations were tentatively de®ned as ICM-derived cells. These were mechanically disrupted and individually placed on new feeder layers. After 2 days in culture, stem cell-like colonies were picked up, and transferred to culture in the presence of supernatant medium from cells transfected with either pCXN-rLIF or control vector. Cells were trypsinized and further passaged three times.
Alkaline phosphatase reaction
Cultured cells were air dried and ®xed with 4% paraformaldehyde for 60 min at room temperature. Fixed samples were stained for alkaline phosphatase activity using an azo dye coupling method (Ziomek et al., 1990) . Alkaline phosphatase staining solution containing 0.2 ml of naphthol AS-MX phosphate (0.2% alkaline solution; Sigma), 4.8 ml of 0.1 M Tris-HCl at pH 10.0 and 5 mg/ml fast red TR salt (Sigma) was added after washing and incubated at 378C. The reaction was incubated for 5 ± 30 min, stopped by addition of 10 mM EDTA and the cells were washed with PBS(7). The stained samples were embedded in KAISER'S glycerol gelatin and colored colonies were scored under an inverted microscope.
Northern blot analysis
LIF expression in the cultured embryonic ®broblasts was assessed by RNA blot analysis. Total RNAs from the cultured ®broblast from embryos were extracted and then subjected to Northern blot analysis, respectively. Ten mg of each total RNA sample was separated on a denatured 1% agarose gel, transferred to a NitroPlus nitrocellulose membrane (Micron Separations Inc.) in 106SSC, and the blot was hybridized with the a 32 PdCTP-labeled full length of rat LIF cDNA as a probe in the presence of 50% formamide for about 12 h. As an internal reference, the same ®lter was later hybridized to a b-actin probe.
